Abstract: Cost estimation of AMD treatment is an important component to the West Virginia approach for the ecosystem restoration of watersheds affected by historic AMD sources. Because the degree of ecosystem restoration depends upon post-treatment water quality conditions, a mass balance of the mean net acid load from tributaries and seeps was employed to calculate the required treatment from various treatment technologies. The investigated technologies included passive treatment, at-source pebble quicklime (calcium oxide) dosing, and instream pebble quicklime dosing. This analysis assumed that the maximum alkaline production level of passive treatment was 80% of the net acid load, and the maximum excess alkalinity was 1,000 mg/L CaCO 3 equivalents for pebble quicklime dosing. The prescribed treatment level was designed to raise the minimum net alkalinity level to 50 mg/L CaCO 3 equivalents and reduce the aluminum, iron, and manganese concentrations to the levels specified in the WV stream water quality standards. Treatment technologies were evaluated on the basis of the estimated cost of implementation and operation. This analysis has determined that in-stream pebble quicklime dosing is the most cost effective treatment technology for watersheds affected by historic AMD sources.
Introduction
The objective of this study was to estimate the capital and annual cost associated with the treatment of Acid Mine Drainage (AMD) at Abandoned Mine Land (AML) sites throughout West Virginia. This study estimated the capital and annual cost of this treatment for three treatment technologies: in-stream pebble quicklime (CaO) dosers, at-source pebble quicklime dosers, and passive treatment systems. The passive treatment systems investigated were those that add alkalinity by the dissolution of limestone like open limestone channels.
Methodology
A list of all WV streams impaired by mine drainage before the Surface Mining Control and Reclamation Act of 1977 and the associated water quality data for those streams were obtained from the West Virginia Department of Environmental Protection's Watershed Assessment Program (WVDEP-WAP) (Arcuri and Campbell, 1999) . Acid loads were calculated for each impaired stream segment using an average of available water quality data and average stream discharge estimated from the GIS program Watershed Characterization and Modeling System (WCMS) (Fletcher, 2006) . The AMD impaired streams were compiled into 10 and 12 digit Hydrologic Units. It was determined that insufficient information was available in the U.S.
Office of Surface Mining Reclamation and Enforcement's Abandoned Mine Land Inventory
System (AMLIS) and WVDEP Stream Restoration Group (SRG) databases to accurately identify the location and number of specific AMD seeps draining to the investigated stream segments.
Because the GIS data available to the investigator did not include the locations of specific AMD seeps, this effort assumed two, three, and five AMD sources on each stream segment when calculating at-source treatment costs. Table A-1, in the Appendix, lists all of the investigated stream sites along with the mean water quality conditions for the sites.
The capital and annual treatment costs were estimated by first calculating the amount of alkalinity that needed to be added to the stream. It was determined that this was the alkalinity that would lower the net acidity to -50 mg/L CaCO 3 equivalents and lower the observed concentrations of Al, Fe, or Mn to regulatory levels minus the alkalinity that has been added to upper stream sites. This requirement was expressed in the following spreadsheet formula. 
Where: A is the alkalinity that needed to be added to the stream, tons/year CaCO 3 equivalents; Q is the stream discharge flow rate, gallons per minute; N is the net acidity, mg/L CaCO 3 equivalents; A us is the summation of the alkalinity required by upstream stations; and T is the alkalinity required for the removal of metals. This equation subtracted the upstream alkalinity requirements from the current site's requirements to avoid the double treatment of any observed acidity.
If the concentrations of Fe, Al, and Mn were all lower than the regulatory maximum for those metals, then the alkalinity required for metals removal was assumed zero, otherwise the following formula was employed to calculate the alkalinity required for metals removal. For warm water fisheries, the WV regulatory limit for Fe is 1.5 mg/L, and for trout fisheries, the WV regulatory limit is 0.5 mg/L (WVSOS, 2008). Because it was not known which stream sites were warm water fisheries and which were trout fisheries, the trout stream iron standard of 0.5 mg/L was employed for all of the investigated sites. The WV Mn limit of 1.0 mg/L only applies to those sites that less than or equal to 5 miles upstream of a known public or private water intake (WVSOS, 2008 
Where: M is the metal acidity, mg/L CaCO 3 equivalents; pH is the pH of the stream; and pH t is the level to which the pH of the stream would have to be raised in order to remove the metal acidity. The metal acidity was calculated by summing the normal concentrations produced by each of the acid generating species in solution. The following formula from Hedin, et al. (1994) was employed to calculate the metal acidity, which assumed that all of the iron was in the ferrous oxidation state. 
Where: Fe is the Fe concentration, mg/L; Al is the Al concentration, mg/L; and Mn is the Mn concentration, mg/L. This formula calculated the metal acidity for only Al, Fe, and Mn because these are the only acid-generating metals observed at AMD sites in WV and concentration data for other acid-generating metals were not available.
The net acidity was calculated by adding the metal acidity to the proton acidity and subtracting the total alkalinity. This formula neglected carbonate acidity because it was expected that the magnitude of carbonate acidity would be much smaller than the acidity from metals and proton activity.
Where B is the total alkalinity of the stream, mg/L CaCO 3 equivalents. The mean stream discharge flow rate, Q, was estimated from the GIS program WCMS. The treatment pH, pH t , was determined from the observed metal concentrations. If the Mn concentration was greater than the maximum allowable Mn concentration, then the treatment pH was 9.5, otherwise the treatment pH was 8.5.
For the in-stream and at-source quicklime dosers, the required annual quantity of pebble quicklime was calculated with the following formula. 
Where: C is the required pebble quicklime, tons/year; c is the quicklime conversion factor, 0.56 tons of quicklime per tons of CaCO 3 equivalents; and e is the dimensionless neutralization efficiency, 0.9. These constants were taken from Skousen, Hilton, and Faulkner (1997).
The capital cost of the in-stream pebble quicklime dosers was zero, if the calculated required quicklime was zero; otherwise, the capital cost per doser was assumed to be $150,000. This assumption was made because the mean capital cost was expected to be approximately $150,000.
Likewise, if the required quicklime was zero, then the annual chemical cost was zero; otherwise, the following formula was employed to calculate the annual cost per doser.
Where: C ISD is the annual cost per in-stream pebble quicklime doser, $/year; C C is the cost of the quicklime, $125 per ton; O ISD is the ratio of the operation and maintenance cost to the chemical cost for the in-stream dosers, 0.035; and L ISD is the labor cost per in-stream doser, $3,360 per year. These cost assumptions were based upon the experience WVDEP Office of Special Reclamation has had with the design and installation of in-stream dosing systems (Miller and Gutta, 2008) .
The capital and annual costs for the at-source dosers were calculated making the assumption of two, three, and five sources per stream location with one doser at each source. The capital cost of the at-source dosers was assumed to be $150,000 per doser. The following formula was employed to calculate the annual cost of all of the at-source dosers for a particular stream site.
Where: C ASD is the annual cost of all of the at-source dosers for a particular stream site, $ per year; O ASD is the ratio of the operation and maintenance cost to the chemical cost for at-source dosers (for sludge collection and disposal), 1.0; L ASD is the labor cost per at-source doser, $3,360 per year per doser; and n is the number of sources for each particular stream site. As with the instream dosers, the cost assumptions for the at-source dosers were based upon the experience WVDEP Office of Special Reclamation has had with the design and installation of at-source dosers (Miller and Gutta, 2008) .
The capital and annual costs of the passive treatment systems were a linear function of the alkalinity required at each stream site. The following formula was employed to estimate the capital cost of the passive treatment systems.
Where: C PC is the capital cost of the passive treatment systems, $; C L is the cost of the limestone, $125 per ton; and T P is the expected lifetime of the passive treatment systems, 20 years. The following formula was employed to estimate the annual cost of the passive treatment systems.
Where: C PA is the annual cost of the passive treatment system, $ per year; and O P is the ratio of the total maintenance cost to the capital cost, 2.0. These passive treatment cost assumptions were based upon the experience that the WVWRI has had with the design and installation of open limestone channel type passive treatment systems (Gutta, 2008) .
Results
The estimated statewide costs for the studied technologies are listed in Table 1 . These costs were calculated for a total of 344 stream sites, and each site was downstream of an unknown number of individual mine seeps. These stream sites were in a total of 48 different 10-digit HUC watersheds, which are shown in Fig. 1 . For the technologies that involved pebble quicklime dosing, the capital costs are directly proportional to the required number of dosers. The capital cost with passive treatment is much higher than with the quicklime doser technologies because of the construction required to install passive structures.
The annual costs also increase with the additional dosers, but the greatest increase is between the in-stream dosing and the two source dosing. This large increase is due to the increased operational costs expected with the placement of dosers at AMD sources. A smaller increase was also observed with the passive treatment technology over the pebble quicklime technologies. Because AMD treatment dosers and structures are normally expected to last twenty years, the last column in Table 1 is the sum of the capital cost and twenty years of annual cost. This column shows the least cost for in-stream pebble quicklime dosers and the most cost for passive treatment.
Discussion
The in-stream pebble quicklime doser technology was the most cost effective technology investigated by this study, and the least cost effective technology was the passive treatment.
This result was expected because of the additional capital cost associated with placing a doser at each AMD source, the additional operation and maintenance costs expected when locating dosers at AMD sources, and the high construction and maintenance costs expected with passive treatment. It is possible that in-stream doser technology would not be optimal or even possible for some of the investigated sites, but this determination would require specific designs for each site, which would be beyond the scope of the current effort.
This effort neglected the alkalinity produced by SO 4 2-reduction because this generic analysis assumed that the passive treatment system would be operating under aerobic conditions. Other treatment functions of aerobic passive structures such as metal retention were neglected because these depend a great deal on local site conditions and are difficult to forecast for a generic passive treatment design. The unavoidable neglect of these effects probably resulted in the underestimation of the treatment obtainable with passive treatment systems.
Because this analysis employed typical costs that have been experienced with AMD treatment, the estimated costs should be viewed as average estimates and should not be interpreted as expected costs for particular stream sites. Since some of the stream sites required treatment for high metal concentrations, the required pH levels for effective treatment may be higher than what may be achieved with passive treatment systems.
Conclusions
On a strict cost basis, in-stream pebble quicklime dosing was the best technology investigated by this analysis. Because this analysis only investigated water treatment costs on AMD impaired stream segments, potential ecological outcomes should be integrated in order to develop the most effective watershed restoration strategies.
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